There is an ongoing discussion regarding the relative effectiveness of the hydroxy analog of methionine (liquid MHA-FA) relative to DL-methionine (DLM). Five experiments were carried out under local conditions in 4 different countries to further test and determine the relative effectiveness of liquid MHA-FA. Additionally, multiexponential regression was used to determine if it is the proper mathematical model for estimation of Met relative effectiveness. The trials were carried out at the Research Center Foulum, Perdue Farms Inc., a major Mexican integrator, the University of Arkansas, and at the University of Rio Grande do Sul. Basal diets in all trials were formulated to be deficient in Met but adequate in all other nutrients and energy. Broilers performed well in each experiment; significant responses showed the Met deficiency of the basal diets. Relative effectiveness estimates of diluted DLM (65%) was 63% on average (n = 6, based on 3 trials), confirming that simultaneous regression analysis represents the proper mathematical model for comparative nutritional purposes. Relative effectiveness of liquid MHA-FA relative to DLM was 64% (n = 11, based on all 5 trials) on average for weight gain, feed conversion, and breast meat yield.
DESCRIPTION OF PROBLEM
In commercial poultry diets, Met is usually the first limiting amino acid and is commonly supplemented as dry DL-Met (DLM; 99% pure) or as liquid DL-Met hydroxy analog-free acid (MHA-FA, containing 88% of active substance). Knowing the relative nutritive value of liquid MHA-FA compared with DLM is an important precondition to cost-effective purchasing, feed formulation, and animal production. There is an ongoing discussion in the liter- 1 To whom correspondence should be addressed: dirk.hoehler@degussa.com. ature regarding the relative bioefficacy of liquid MHA-FA relative to DLM [1, 2, 3, 4, 5, 6, 7, 8] . Recent work by Lemme et al. [9] reported an average relative effectiveness of liquid MHA-FA compared with DLM of 62% based on weight gain, feed conversion, breast meat yield, and carcass yield in broiler chickens. This result was derived from 2 extensive trials carried out in Canada and Australia. These results also suggested that simultaneous exponential regression analysis, as described by Littell et al. [10] , is a valid statistical approach for deter-mination of the relative bioefficacy of Met sources. Additionally, researchers in The Netherlands [11] conducted an independent, extensive literature study and evaluation of previous papers on this topic and reported that the average bioefficacy of liquid MHA-FA compared with DLM in broilers was 68% on a weight basis or 77% on an equimolar basis. These figures are based on weight gain and feed conversion of 18 broiler trials.
The primary objective of the present study was to validate the former review [11] on Met source efficacy in 5 experiments conducted at different institutions. Relative efficacy of Met sources was evaluated in all 5 experiments, and the suitability of the exponential regression method for bioefficacy determination was evaluated in 3 experiments.
MATERIALS AND METHODS
Trial 1 was conducted at the Research Center Foulum (Tjele, Denmark). We assigned 2,880 male, 1-d-old Ross 208 broilers [12] to 16 dietary treatments for 42 d. Each treatment was replicated 6 times with 30 birds per replicate. Treatments were composed of a basal wheat-soybean meal-pea diet (Table 1 ) and 3 series of diets containing graded levels (0.04, 0.08, 0.12, 0.16, and 0.20%) of DLM, diluted DLM (65%), or liquid MHA-FA. For each treatment, a starter was fed from d 1 to 21, and a grower diet was fed from d 22 to 42. Mash feed and water were offered ad libitum. Basal diets were formulated to be adequate for energy and all nutrients [13] except Met + Cys, which were 0.59 and 0.52% in the starter and grower diets, respectively. Aliquots of the basal diets were then supplemented with graded levels of the Met sources. Glucose was added to dilute DLM to make the DLM 65% product. Birds were allocated to floor pens of 1.7 m 2 , which had wheat straw as bedding. After 3 d, temperature was gradually decreased from 33 to 21°C. There was continuous light throughout the experiment. Body weights and feed consumption were recorded for the 1-to-21 and 21-to-42-d periods. Subsequently weight gain and mortality-corrected feed conversion were calculated.
In trial 2 at Perdue Farms Inc. (Salisbury, MD) 4,500 male, 1-d-old Perdue 5632 broilers [14] were distributed among 9 dietary treat- A common starter diet containing 23% CP was fed from d 1 to 6. On d 7, birds were weighed, and the light and heavy birds were removed from the population. A total of 576 broilers were distributed to 96 floor pens containing 6 birds each. Six pens were assigned to each of the 16 dietary treatments in a complete block design to achieve equal body weight distribution between treatments. The basal diet was formulated to be adequate for energy and all nutrients [13] except for Met (0.30) and Met + Cys (0.62%, Table 4 ). The highest DLM supplementation level was 0.15% in diet 6, which amounted to a maximum Met + Cys level of 0.79% in that treatment. Diluted DLM (65%) was prepared by blending DLM (99%) with finely ground corn meal. Pelleted feed and water were offered ad libitum. Body weights as well as feed consumption were recorded at d 7 and 35. Mortality was recorded, and feed conversion was corrected for mortality.
Trial 5 was conducted at the Federal University of Rio Grande do Sul in Brazil using 1-d-old Ross 308 broilers [17] . From hatching to 7 d of age, 2,730 chicks were fed a commer- cial mash starter diet formulated to contain 23% CP and 2,950 kcal of ME/kg. At 7 d of age birds were weighed, and 5 chicks per pen constituting mean pen weight extremes were removed to improve the within-pen weight uniformity. (Table 5) . Each dietary treatment consisted of 6 replicates with 35 birds per pen. Basal diets were formulated to be deficient in Met + Cys but adequate in all other nutrients and energy [13] . Feed and water were provided ad libitum.
Overall management was as in a commercial Brazilian operation with normal environmental conditions for temperature and ventilation. Light was provided 24 h/d during the first week; afterward it followed the natural daylight regimen. All birds were weighed as a group per pen at the beginning of the experiment and then at 7, 21, and 40 d of age. Feed consumption was measured, and then mortality-corrected feed conversion was calculated. At the end of the experiment, 6 birds per pen with body weights representative of the pen average were selected and killed, defeathered, and eviscerated. Carcasses were chilled in slush ice for 3 h. The carcasses were processed in commercial parts: deboned breast, wings, thighs, and drumsticks. Weights of cuts were related to the carcass weight and expressed as percentage of carcass. Analyses verified accurate feed production and DLM, diluted DLM (65%), or liquid MHA-FA supplementation. All experiments were conducted in accordance with local animal care guides. Basal diets were formulated to be deficient in Met but adequate in all other nutrients [13] . Protein-bound and supplemented amino acids of ingredients and experimental diets were determined according to Llames and Fontaine [18] . Liquid MHA-FA was analyzed in the diets by using the method described by Naumann et al. [19] . Diets for all trials were formulated to meet or exceed the essential amino acids, energy, vitamin, and mineral needs of broiler chickens except for Met + Cys [13] .
Data were evaluated by ANOVA including comparison of means and simultaneous exponential regression to estimate the relative effectiveness of diluted DLM (65%, only trials 1, 3, and 4) and liquid MHA-FA compared with DLM (99%). Pen means were considered the experimental unit for all statistical analyses. A nonlinear exponential model was used to estimate the efficacy of liquid MHA-FA and diluted DLM (65%) relative to pure DLM [9, 10] . The general linear model procedure (PROC GLM) in the SAS/STAT software [20] was applied fitting the following nonlinear equation:
where y = performance criterion (weight gain, feed conversion, or breast meat yield), a = intercept (bird performance with basal diet), b = asymptotic response, a + b = common asymptote (maximum performance level), c 1 = steepness coefficient for pure DLM (99%), c 2 = steepness coefficient for diluted DLM (65%), c 3 = steepness coefficient for liquid MHA-FA, and x 1 , x 2 , x 3 = dietary level of pure DLM (99%), diluted DLM (65%), and liquid MHA-FA, respectively. According to Littell et al. [10] , bioefficacy values for diluted DLM (65%) and liquid MHA-FA relative to DLM (99%) are given by the ratios of regression coefficients; C 2 /C 1 = diluted DLM and C 3 /C 1 = liquid MHA-FA. Diluted DLM (65%) was added at the same levels as pure DLM in trials 1, 3 and 4. The supplemented levels were confirmed by analysis. In these trials, a biological effectiveness of 65% could be assumed a priori for diluted DLM (65%) relative to undiluted (DLM 99%). Thus, these treatments could be regarded as an internal standard to check the validity of exponential regression analysis. The degree of dilution was chosen because most recent literature suggests an average relative effectiveness of liquid MHA-FA compared with DLM of about 65% (Lemme et al. [9] , 62%, based on 2 trials; Jansman et al. [11] , 68%, based on the review of 18 trials). Recently, there has been some discussion at scientific meetings regarding the proper statistical methodology to compare Met sources. Among numerous others in the scientific literature, Littell et al. [10] and Jansman et al. [11] agree that the results of such comparison experiments are analyzed efficiently by lin- Means ± SD in a column with no common superscript differ significantly (P < 0.05).
ear (slope-ratio) or nonlinear (exponential) models.
RESULTS AND DISCUSSION
Broilers performed well in each experiment. Total mortalities were 2.3, 3.9, 4.8, 3.5, and 1.4% in the experimental periods of trials 1 to 5, respectively, and were relatively low and not affected by dietary treatments.
Trial 1
Broilers responded very well to all supplemental Met sources. Due to the low Met + Cys content in the basal diet, trial 1 had the greatest performance response from the basal diet to Means ± SD in a column with no common superscript differ significantly (P < 0.05).
the highest Met-supplemented diet of 97% for weight gain, from 1,130 to 2,225 g, and of 15% for feed conversion, from 2.145 to 1.829 kg/kg ( Table 6 ). The strong responses on performance confirmed that the basal diets were Met + Cys deficient, thus, weight gain achieved by the highest inclusion level was almost twice as high as that achieved by the basal diet. Variability was low and therefore performance of the basal treatment group was significantly different from that of higher inclusion levels. With respect to weight gain, maximum performance was already achieved at 0.12% inclusion of DLM, whereas 0.20% was needed for the treatments with diluted DLM (65%) and liquid MHA-FA. Minimum feed conversion of 1.829 of birds fed the 0.20% DLM diet was not achieved by feeding either diluted DLM (65%) or liquid MHA-FA. As shown in Figure 1 , the response data for both performance criteria followed a nonlinear trend corresponding to the law of diminishing returns. The strong nonlinear response, the low variability, and a sufficient number of replicates and birds per replicate allowed for simultaneous exponential regression to determine the relative effectiveness of diluted DLM (65%) and liquid MHA-FA. According to the regression analysis, liquid MHA-FA was only 64 and 67% as efficient as DLM regarding weight gain and feed conversion, respectively. Both results were significantly lower than 88%, which is the content of active substance in liquid MHA-FA. For diluted DLM (65%), the estimated biological efficiency was 67% for weight gain and 59% for feed conversion, which represents a good agreement with the expected result of 65% for this product.
Trial 2
The statistically significant responses in weight gain and feed per gain between the control treatment and the treatments with highest inclusion rates confirmed that the basal diets were Met + Cys deficient (Table 7) , although performance responses of weight gain (+17%) and feed conversion (−10%) were not as drastic as in trial 1. The excellent feed conversion of only 1.628 kg/kg in treatment 5 with the highest DLM supplementation can be explained by the relatively short trial period of 39 d. The response data for both performance criteria followed a nonlinear trend allowing for multiexponential regression analysis (Figure 2 ). Liquid MHA-FA was only 70 and 66% as efficient as DLM regarding weight gain and feed conversion, respectively. Both figures were nonsignificant, but especially the 95% confidence interval for feed conversion (liquid MHA-FA: 41 to 90%) was relatively low.
Trial 3
The statistically significant responses of weight gain and feed per gain between the control treatment and the treatments with highest DLM inclusion rates of 17 and 10%, respectively, confirmed that the basal diets were Met + Cys deficient ( Table 8 ). The response data for both performance criteria followed a nonlinear trend allowing for multiexponential regression Means ± SD in a column with no common superscript differ significantly (P < 0.05).
analysis ( Figure 3) . Accordingly, liquid MHA-FA was 63 and 73% as efficient as DLM regarding weight gain and feed conversion, respectively. For diluted DLM (65%), the estimated biological efficiency relative to pure DLM was 69% for weight gain and 79% for feed per gain ( Figure 3 ). Although the figure for weight gain was within the expected range, the figure for feed conversion was pretty high which was similar to the value for liquid MHA-FA.
Trial 4
Broilers performed well; the performance response verified that the basal diet was deficient in Met + Cys. Weight gain achieved at the highest DLM inclusion level was 11% higher than that achieved with the basal diet, whereas feed conversion could be improved by 9% ( Table 9 ). As shown in Figure 4 , the response data for the performance criteria weight gain and feed conversion followed a nonlinear trend and thus data were analyzed by simultaneous exponential regression. Regression analysis revealed that responses in weight gain and feed conversion to diluted DLM (65%) were 59 and 47%, respectively, compared with DLM. The 59% bioefficacy value for weight gain fits well with the expected 65% value for this product, whereas the value for feed conversion of 47% cannot be explained based on the current data set or trial conditions. However, this finding demonstrates the extent to which performance data can vary. According to regression analysis, liquid MHA-FA was only 65 and 49% as effective as DLM regarding weight gain and feed conversion, respectively.
Trial 5
Broilers performed extremely well; the maximum responses of weight gain, feed conversion, and breast meat yield (% of carcass) were significantly improved by about 10% to maximum responses of 2,415 g, 1.63, and 28.2%, respectively (Table 10 ). Responses showed the Met deficiency of the basal diets. Exponential regression revealed the relative effectiveness on an equimolar basis of liquid MHA-FA for weight gain, feed conversion, and breast meat yield from 7 to 40 d of age was 52 (significant), 82 (not significant), and 56% (significant), respectively ( Figure 5) .
In all trials presented here, relative effectiveness values were determined based on a weight/ weight comparison of the 2 Met sources. In trial 5, the supplemented levels of DLM and liquid MHA-FA were adjusted on an equimolar basis [i.e., the corresponding supplemented levels of DLM (treatments 2 to 7) and liquid MHA-FA (treatments 8 to 13) were based on a MHA-FA content of 88% in the commercial product (Table  10) ]. To be able to compare all trial data, regression analysis for the response to the different Met sources was conducted on a weight-to-weight basis. Additionally, the data of trial 5 were analyzed based on an equimolar comparison of the 2 products. The results obtained with calculating bioefficacies based on an equimolar comparison for weight gain, feed conversion, and breast meat yield from 7 to 40 d of age were 59 (P < 0.05), 93 (P > 0.05), and 64% (P < 0.05), respectively (data not shown). When multiplied by 0.88, the former values correspond to the same results presented here based on a weight/weight comparison of the 2 Met sources ( Figure 5 ). Therefore, the design of the trial, either equimolar or weight-by-weight comparison of the 2 Met sources, did not affect the estimated relative effectiveness figures.
A summary of all 5 broiler trials conducted and presented in this paper is given in Table 11 . The studies included a large variety of geographic locations and climatic areas. The relative effectiveness of liquid MHA-FA compared with DLM was 64% on average, based on the estimated relative effectiveness figures of 11 data sets for weight gain, feed conversion, and breast meat yield. A certain biological variation could be observed in individual experiments, as shown by the relative effectiveness varying from 52 to 82% across all 5 trials, which is common and unavoidable in any biological experiment.
The estimated relative effectiveness of the internal standard used to validate the regression analysis (diluted DLM, 65%) relative to DLM for weight gain and feed conversion was 67 and 59%, 69 and 79%, and 59 and 47%, for trials 1, 3, and 4, respectively. On average, these figures Means ± SD in a column with no common superscript differ significantly (P < 0.05).
amount to an estimated relative effectiveness of 63% for diluted DLM (65%) relative to pure DLM. Exponential regression analysis was, hence confirmed to be a statistically valid tool in the present study as suggested by Littell et al. [10] and Lemme et al. [9] . When comparing bioavailability of any essential nutrient, one can only expect to detect differences when the basal diet is clearly deficient in the nutrient to be tested [3, 9] . Additionally, appropriate statistical methods such as simultaneous nonlinear regression analysis [10] Means ± SD in a column with no common superscript differ significantly (P < 0.05).
must be used to allow an adequate and unbiased interpretation of the results and estimation of the relative effectiveness of a test substance compared with a reference. Jansman et al. [11] have published an independent literature review on the relative effective of Met sources in poultry and pigs. The result of a relative efficacy of liquid MHA-FA relative to DLM of 64% on average based on 5 broiler trials presented here are in close agreement with the average figure of 68% reported by Jansman et al. [11] for broiler chicks based on 18 trials. The physiological reasons for the lower relative efficacy of liquid MHA-FA have also been investigated. Differences in relative bioefficacy may be explained by reduced intestinal absorption of MHA-FA, inefficient conversion of MHA-FA to Met after absorption or a combination of both of these factors. The differences in bioefficacy due to intestinal absorption have been studied using several methods. Han et al. [21] determined that absorption of DLM and DL-MHA-FA is equal using a true-digestibilitybalance assay and cecectomized broiler chickens. This method measures the nonabsorbed MHA-FA and DLM present in digesta after intestinal passage. However, this methodology is questionable because metabolism of these compounds to other products by intestinal bacteria would result in an overestimation of the absorption of both compounds. Several studies with broilers using radiolabeled Met sources indicated a significantly lower absorption of MHA-FA compared with DLM [22, 23] . In agreement with Esteve-Garcia and Austic [1] , Maenz and Engele-Schaan [23] concluded that there is a substantial conversion of dietary MHA-FA during passage through the small intestine to compounds that cannot be used as a source of Met by the bird. This might be due to degradation of [7] reported significantly lower relative effectiveness of DL-MHA-oligomers compared with the commercial product mix of mono-, di-, and oligomers, which in turn was 66% as efficacious as DLM. Furthermore, both products are absorbed by specific active absorption mechanisms, whereas absorption by simple diffusion is negligible [22, 25] . There is evidence that the mechanism responsible for uptake of the DL-MHA molecules is less efficient than that for DLM uptake [25] . In addition to the poor nutritive value of MHA-FA oligomers, DLM was found to be faster and more efficiently absorbed than MHA-FA monomers. Three previous studies with broiler chickens comparing the efficiency of absorption of MHA-FA and DLM have reported that between 10 to 20% of the original radiolabeled MHA-FA activity in feed is found in the distal sections of the small intestine compared with 4 to 5% for DLM [1, 22, 25] . [23] . Met is transported by the system B amino acid transporter, whereas MHA-FA absorption is transported via a + H-dependent non-stereospecific transport system. The same study also reported that L-Met had a higher affinity for its transporter and a higher maximal velocity of transport than L-MHA. This result suggests that Met is removed more quickly from the intestinal lumen than MHA-FA and therefore has less exposure to intestinal bacterial resulting in decreased bacterial uptake or degradation. Based on these results, it is reasonable to assume that there are differences in intestinal transport of MHA-FA and Met that may increase the availability of MHA-FA to gut bacteria.
Because only L-Met is used in protein metabolism, D-MET, D-MHA-FA, and L-MHA-FA must be converted to L-Met [27] . This conversion takes place in 2 steps. First, the α-carbon of all 3 compounds is oxidized to yield ketoMet [28] , and the keto-Met is then converted to L-Met. The enzymes responsible for these reactions are found primarily in the liver and kidney [28] , and the activity of these enzymes does not appear to be limiting for growth in broiler chickens. Dibner and Ivey [27] showed a 7-fold excess of enzyme activity in the liver alone for the conversion of D-MET, D-MHA-FA, and L-MHA-FA to keto-Met. However, because these reactions require energy for the conversion of these compounds to keto-Met, DL-Met has the advantage of requiring a conversion of only 50% of the ingredient (D-Met), compared with 100% of DL-MHA-FA. The relative contribution of the energy requirements for these conversions to the difference in bioefficacy of DL-Met relative to DL-MHA- FA has not yet been determined.
CONCLUSIONS AND APPLICATIONS
1. The results of the presented 5 broiler experiments suggest that simultaneous exponential regression analysis is a valid statistical means for determination of relative bioefficacy of Met sources. 2. The relative effectiveness of liquid MHA-FA is significantly lower than that of DLM in broiler chickens. The average bioefficacy value estimated in this series of diverse experiments conducted in different parts of the world was 64% for liquid MHA-FA on average on a weight/weight basis of the 2 Met sources.
